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ABSTRACT
Current structural design practice is primarily concerned with optimizing the construction
cost and schedule of a building project, while ensuring that the structure meets basic
safety and serviceability requirements. The maintenance costs, alteration/replacement
costs, and end-of-life costs associated with the support of the structure after the initial
construction process is given far less consideration. Initial research indicates that, for a
typical building, the majority of the cost over the system life cycle is incurred after the
original structure has been completed. The ultimate value and longevity of a building is,
therefore, largely dependant on the ability of the structure to be economically maintained
and easily modified during its service life.
The objective of this paper is to outline a design process that considers how buildings
interact with time. The process involves two fundamental steps: (1) the modularization
of the structure to accommodate how different parts of the building change over time and
(2) the design of modular components in consideration of their expected service life. Life
cycle cost methods are applied to evaluate the performance of design alternatives-thus
making it easier to explicitly consider the cost associated with how a structure will be
supported and may be adapted over time, in addition to the customary tasks of calculating
construction costs and schedules.
Despite the apparent benefits to this approach, there are a number of obstacles preventing
the adoption of life cycle design principles into professional practice. Specific obstacles
to implementation are discussed with respect to the construction industries in both the
United States and Japan. The paper concludes with the description of further case study
research to be conducted in the Japan during the summer of 2003, the findings of which
will be published as an addendum to this document.
Thesis Supervisor: Jerome J. Connor
Title: Professor of Civil and Environmental Engineering
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6Introduction
The Cathedral and the Shrine
Year after year, millions of tourists flock to Notre-Dame in Paris to marvel at its
soaring vaults and dazzling stained-glass windows. The story is similar at other Gothic
cathedrals at Chartres, Strasbourg and a handful of other cities across Europe. Given that
two-thirds of cathedral visitors come from abroad, one might ask what is it about these
structures that continue to draw visitors from around the globe?
Indeed, the Gothic cathedral represents a tremendous feat of architecture and
engineering. The sheer scale of the task pushed the limits of science and technology
during the medieval period. The result was an innovative and efficient structure
unmatched during its time. One, however, might use "innovative" and "efficient" to
describe a number of modem buildings that most people find nonetheless cold and alien.
So what is it about Gothic cathedrals that have made them come to be loved more than
their modem counterparts? British rock musician Brian Eno had the most succinct
answer. "Age," he said. When asked to elaborate, he responded: "We are convinced by
things that show internal complexity... I think that humans have a taste for things that not
only show that they have been through a process of evolution, but which also show they
are still part of one-they are not dead yet"'. The evolution of the Gothic cathedral is
conveyed, at least in part, through the physical materials used in its construction. The
years of effort required to bring the vision of Notre-Dame to completion are evident in
the craftsmanship of every detail (Figure 1). Each chiseled stone provides us with a
tactile connection to the masons who labored over its construction so many years ago.
The sense of history is equally powerful in the architecture of the ancient Shinto
shrine in Japan. However, the original materials used in the construction of the Shinto
shrine have been replaced many times since it was first built. The Ise shrine located in
the Mie Prefecture was originally built in the ninth century of thatch and unfinished wood
(Figure 2). To maintain the appearance of the shrine, most of the buildings on the site
Proceedings from a computer teleconference on design, January, 1994
7have been dismantled every twenty years as part of a religious ceremony and then
reconstructed in exactly the same manner using new materials. The shrine has been
rebuilt over sixty times to present. The evolution of the structure is conveyed through the
process of construction. Architect Renzo Piano explains: "It's not just a temple, it's a
school.. .when you go there for the first time, you are twenty years old. For twenty years,
between the ages of twenty and forty, you learn to make the temple. When you go there
the second time, between forty and sixty, you make the temple. Finally, the third time,
between the ages of sixty and eighty, you teach other people to make the temple."
2
Figure 1: Notre Dame Figure 2: Naiku shoden, Ise
The Gothic cathedral and the Shinto shrine have both successfully stood the test
of time. The architecture of the cathedral has endured over the years primarily due to its
robust structural design and the durability of the materials used in its construction. In
contrast, the longevity of the shrine can be primarily attributed to its modular
construction-which allows for the efficient construction, dismantling and reuse of
structural components. The different approaches taken by the designers of the cathedral
and shrine reflect the traditional architectural philosophies of their respective cultures.
Architect Kisho Kurokawa explains the different philosophies as follows: "We have in
2 Yasutada Watanbe, Ise, Prototype of Japanese Architecture, M.I.T. Press, Cambridge, 1965
8Japan an aesthetic of death, whereas you (Westerners) have an aesthetic of eternity. The
Ise shrines are rebuilt every twenty years in the same form, or spirit; whereas you try to
preserve the actual Greek temple, the original material, as if it could last for eternity." 3
Kurokawa points out a fascinating contradiction between the reality of a building
and the architectural ideal of Western culture. Architecture, we imagine, is permanent.
The reality, of course, is that most buildings and bridges will not be preserved
indefinitely as monuments to Western civilization. The form and use of most structures
constantly changes in response to technology, economics and fashion. An old office
building is torn down because the floor layout is not sufficiently flexible or because the
building cannot accommodate the latest building services. A factory that was originally
the home of light industry is revived first as artist lofts and then once again as offices
with retail space on the ground floor.
Few buildings adapt well to change because they are not designed to adapt. The
vast majority of architects and engineers do not even consider the possibility that the
structure they are designing may not exist in its original form fifty years from now, nor
do they incorporate end of life issues into their design. As a result, the renovation,
remodeling and eventual demolition of structures comes at a substantial economic and
environmental cost.
The problem is significant. Buildings account for some of society's longest
lasting and most resource intensive products. The building industry is the second largest
in the world (after agriculture), and in industrialized countries, buildings and civil
infrastructure represent about eighty percent of national property4 . These structures' use
of land has a substantial impact on the quality of the natural environment, and the
construction and operation of these facilities are responsible for considerable quantities of
waste and pollution. Sound ecological design, construction and operation of buildings
are greatly needed to ameliorate these effects.
One of the challenges to the present generation of architects and engineers is to
lead a movement to incorporate sustainability, economy and ecology into building design
and engineering. Sustainable building is an emerging area of study within the industry
3 Kisho Kurokawa, Metabolism In Architecture, Studio Vista, London, 1977
4 Asko Sarja, Integrated Life Cycle Design of Structures, Spoon Press, New York and London, 2002
9that requires a significant amount of further research. Professor Asko Sarja proposes the
following technical definition: "Sustainable building is a technology and practice which
meets the multiple requirements of society in an optimal way during the life-cycle of the
built facility." 4 While this paper does not claim to completely address the issue of
sustainability, I hope to at least outline how buildings might be designed for improved
life-cycle performance from a structural engineer's perspective.
The argument goes as follows:
1-How Buildings Change: A building can be thought of as a collection of
components, which change at different rates according to the demands of the real estate
market. The ultimate value and longevity of a building is often dependent on the ability
of the structural system to accommodate the repair, replacement and renovation of
individual components.
2-Design For Change: By focusing on construction as a process rather than a
result, there is an opportunity to improve a building's economy and efficiency. Since the
construction process continues long after the original building is completed, engineers
must consider the financial and environmental costs over the lifetime of the structure
when assessing the performance of a design. Other industries have developed life-cycle
design processes and methods that, with a little modification, can be applied to buildings.
3-Built For Change: There are a number of ancient and modem buildings that
accommodate change quite well. One can gain valuable insight by visiting these
structures and, in the case of modem buildings, speaking to their designers. This section
includes a summary of the lessons learned from visiting a collection of ancient and
modem structures in Japan that have been designed to accommodate how buildings
change over time.
The study is worth undertaking because the most beautiful and longest-lasting
structures are those that improve with age. Furthermore, such a study is necessary should
we wish to reduce the financial and ecological costs associated with building construction
and operation in order to meet the needs of a growing global population.
10
Chapter 1
How Buildings Change
1.1 A Building As An Investment
Most buildings undergo substantial change during their lifetime. The famous
Cliff House in San Francisco is a prime example. A series of owners have invested in
various reincarnations of the Cliff House over the past 140 years in order to take
commercial advantage of the site's spectacular view of Seal Rocks and Pacific sunsets.
While the cliff remains constant, the structures come and go (Figure 3).
How buildings change depends primarily on how they are valued. How one
assigns value to a building is a question that dates back to ancient Greece. It was
Aristotle who made the important distinction between 'oikonomia' and 'chrematistics'.
Chrematistics can be defined as a branch of economics relating to the manipulation of
property and wealth so as to maximize the short-term monetary exchange to the owner.
Oikonomia, by contrast, is the management of the household so as to increase its use
value to all members of the household over the long run5 . Modem economists still
distinguish between the "use value" and "market value" of property. Maximizing use
value will inevitably result in a more idiosyncratic and highly adapted building over the
years. Maximizing market value involves standardizing the function and aesthetics of a
building to meet the imagined desires of potential buyers.
For most owners, a building represents a significant asset and maximizing the
market value of the property is one of their primary objectives. Market forces, therefore,
have a major impact on how buildings change over time. As Steward Brand writes:
"Books on the history of architecture outnumber books on the history of real estate 1,000
to 0, yet real estate has vastly more influence on the shape and fate of buildings than
architectural theories or aesthetics." 6 People are constantly renovating, remodeling and
redeveloping real property in order to increase its value.
5 Herman Daly and John Cobb, Jr., For the Common Good, Beacon, Boston, 1989
6 Stewart Brand, How Buildings Learn, Penguin Books, New York, 1994
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1863 - The first Cliff House was built to take 1878 - The original owner tripled the Cliff
commercial advantage of the site's spectacular House in size with the addition of a successful
view of Seal Rocks and Pacific sunsets. gambling casino.
1900 - President McKinley and Roosevelt
dined at Adolph Sutro's eight story Cliff House
complete with art galleries and ballrooms.
1910 - After a fire in 1907 the Cliff House was
reconstructed of fireproof concrete and steel.
1954 - In 1950 the Whitney brothers 1991 - In 1977 the National Park Service took
drastically remodeled the building with over the Cliff House as park of the Golden
redwood siding and extended it to the left State recreational area
Figure 3: Evolution of San Francisco's Cliff House7
7 Stewart Brand, How Buildings Learn, Penguin Books, New York, 1994
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1.2 Depreciation, Deterioration and Obsolescence
The economic value of a parcel of real property may be split into two parts: site
and building. While the site value may increase or decrease in real terms as a result of a
complex series of factors, the building value must decrease of depreciate in real terms to
reflect society's desire for newer, more fashionable and more efficient facilities.
Depreciation is technically8 defined as the loss in real existing use value of property, and
it may be curable or incurable. Curable depreciation is also known as deferred
maintenance because the primary cause of such depreciation is the failure of the owner to
maintain the property on an ongoing basis. Incurable depreciation does not refer to the
impossibility of curing a defect, since virtually any physical defect can be repaired or
replaced. Instead, it refers to the lack of economic justification for doing so.
There are two forms of depreciation: deterioration and obsolescence.
1.2.1 Deterioration is the loss in value due to the physical wear and tear of building
improvements as a result of use and the action of the elements.
1.2.2 Obsolescence, broadly stated, is the decline in value not directly related to physical
deterioration. There are two primary causes of building obsolescence:
* Aesthetic Obsolescence results from an outdated appearance. The appearance of
the exterior and/or interior may become inferior as fashions change. The resulting
psychological and visual impact is perceived as a design quality change, which is
likely to affect the value of the property.
" Functional Obsolescence is the product of technological progress, which causes
changes in the occupier's requirements in terms of layout and facilities offered.
Functional obsolescence also results from increased demands by occupants for a
controlled environment and improved facilities.
8 based upon information gathered at http://www.financialpublishing.com/realestatedictionary, 4/02
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1.3 Deprecation as a Catalyst for Change
In order to move beyond the conceptual definition of depreciation and understand
how it affects change in buildings, one needs to understand how depreciation affects the
market value of specific properties. The susceptibility of a building to physical
deterioration and obsolescence is dependent on the type, use and site value of the
property.
1.3.1 Obsolescence and the Lifetime of a Building: If you have ever been in an old,
dilapidated building that is on the verge of collapse, you might assume the longevity of a
building to be a measurable function of use and the action of the elements. In this case,
the longevity of a building would be entirely dependent on the durability of the physical
structure. The most basic and longest lasting component of the structure is the load-
bearing frame. The useful structural lifetime of several common materials used in the
construction of a load-bearing frame are listed in Table 1 below:
Table 1: Durability of the Load-Bearing Frame 9
Material Description Useful Structural Lifetime
(1) Stone, brick or reinforced concrete > 75 years
(2) Structural steel 50-100 years
(3) Timber 30-300 years
The information in Table 1 would lead one to believe that the typical longevity of
a building would be greater than 50 years. However, according to a 1990 study, the
10average lifetime of a building in the U.S. was just under 35 years . This evidence proves
that use and the action of the elements alone do not determine the longevity of a building.
Unless a building actually collapses, its physical life becomes testable only in
economic terms. When a building depreciates past a certain point, it is more economical
to demolish the building and redevelop the site than to try to renovate the existing
structure. At the point when redevelopment of the site becomes viable (i.e. the site value
9 S. Nagataki and T. Nireki, Durability of Building Materials and Components, Chapman and Hall, Hong
Kong, 1993
0 Asko Sarja, Integrated Life Cycle Design of Structures, Spoon Press, New York and London, 2002
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exceeds the value of the existing property, plus the cost of demolition) the building is said
to be obsolete. Over half of the buildings that were demolished in the United States
during the 1980's were determined to be obsolete".
The viability of redevelopment is illustrated in Figure 4, assuming straight-line
depreciation and constant site value. To determine the point when redevelopment is
economically justified, it is necessary to distinguish between the cleared site value (V2)
and the value of the site with a building upon it (VI). The cleared site value is equal to
the value of the site with a depreciated building upon it less the demolition costs.
Redevelopment is therefore not viable at point X because the existing use value (=V2)
exceeds the development value (=V2-V 1), and the building cannot be said to be obsolete.
At point Y, however, the development value (=V2-V 1) and the cost of demolition equate
and at this point the building is obsolete.
Value
V3 Total Property Value =
Site Value + Depreciated Building Value
VA --........-.-.. -.... -....... -----............. ---......... ........-........................... ..
------------- -
01
Where,
V1 = site value with obsolete building
V2 = cleared site value
V3 = site value with new building
V2-V1 = demolition costs
0 Years X Y
Figure 4: Redevelopment Viability 2
From Figure 4 it is apparent that the lifetime of a building is a function of initial
value of the building, the rate of depreciation and the value of the site. In the central
business district of some major cities the land value can overwhelm the value of existing
buildings. The financial pressure to maximize the market value of the property is so great
that a building can suffer very little depreciation before it becomes obsolete. The
" Asko Sarja, Integrated Life Cycle Design of Structures, Spon Press, New York and London, 2002
1 Andrew Baum, Property Investment Depreciation and Obsolescence, Mackays of Chatham, London 1991
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extreme case was Tokyo in the 1980's when the real estate market spiraled so high that
the value of Japanese real estate was worth four times that of the United States. High
rises were being torn down after five years because they had already become obsolete.
The average life of a building in Tokyo was 17 years'.
1.3.2 Change as a Result of Turnover
Buildings typically suffer many changes in ownership and/or occupancy over
their lifetime. New owners occupy homes for eight years, on average. Most apartments
keep tenants for only three years. A set of offices is likely to see ten or more tenant
organizations in a lifetime of thirty years. Each turnover is usually accompanied by a
complete renovation or remodeling. On average, there are also two renovations per
ownership turnover. The departing owner does the first renovation to increase the value
of the property for a potential buyer. The first renovation is usually short-lived because
the new owner immediately remodels the place to match his/her own tastes and needs.
This expensive and wasteful process can be explained, in part, by people's desire
to quickly build up equity. A typical mortgage is amortized over 30 years to make
ownership easier. As a result, an impressive two-thirds of America's 94 million
households own their own homes' 4 . The drawback of financing that spans three decades
is that two out of three dollars spent on the purchase of a building go to paying interest.
As a result, it takes years to build up significant equity in a building through payments
alone. People, therefore, treat their buildings as investments-they buy wisely and make
improvements to increase the value of the property for an imaginary next buyer.
Remodeling proves to be a quick way to buy equity.
1.3.3 Case Study: From 1980 to 1986 an extensive study was conducted in London,
England to determine the impact that building deterioration and obsolescence had upon a
property's market value depreciation 5 . The scope of the study included office and
industrial buildings in the greater metropolitan area. The results are summarized in
Tables 2 and 3, respectively.
13 Stewart Brand, How Buildings Learn, Penguin Books, New York, 1994
4 U.S. Bureau of the Census 1990
15 Andrew Baum, Property Investment Depreciation and Obsolescence, Mackays of Chatham, London 1991
Table 2: Sources of Building Depreciation: City Offic
Source
Inefficient floor layout
Inadequate quantity / quality of services
Quality of external design
Deterioration of interior
Deterioration of exterior
Quality of finishes
Floor to ceiling height
Table 3: Sources of Building Depreciation: Industrials
Source
State of repair / level of maintenance required F
Interference from vertical load-bearing elements Fu
Deficient mechanical/electrical services F
Inadequate floor loading capacity Fu
Insufficient level of insulation Fu
Quality of external design A
Floor to ceiling height Fu
Type
Functional Obsolescence
Functional Obsolescence
Aesthetic Obsolescence
Physical Deterioration
Physical Deterioration
Aesthetic Obsolescence
Functional Obsolescence
Type
hysical Deterioration
nctional Obsolescence
nctional Obsolescence
inctional Obsolescence
tnctional Obsolescence
esthetic Obsolescence
nctional Obsolescence
The case study data indicates that the sources of depreciation vary considerably for
city and industrial buildings. Physical deterioration proved to be a relatively insignificant
source of depreciation for city offices, when compared with other factors. Physical
deterioration was far more significant for industrial buildings. The reason for this is that
internal configuration and specifications of industrial buildings are typically more
flexible than office buildings, making industrial facilities less susceptible to
obsolescence. In addition, the wear and tear associated with the daily use of industrial
facilities causes these buildings to deteriorate at a much faster rate than office buildings.
16
Rank
1
2
3
4
5
6
7
Rank
1
2
3
4
5
6
7
es
I
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In both building types, however, the most important sources of obsolescence were
functional rather than aesthetic.
Finally, the relative importance of curable and incurable depreciation is markedly
different for offices (49% and 51% respectively) than for industrials (10% and 90%
respectively). The opportunity for cost-effective refurbishment of industrials is clearly
much less than for offices.
1.4 Rate of Change of Building Components
From the case study in the previous section it is evident that in order for an office
building to demand premium rents in a particular neighborhood, it must have an efficient
floor layout, high quality services and a stylish external appearance in comparison to
surrounding buildings. Correspondingly, an industrial building must be in a good state of
repair, have a large amount of column-free space and high quality services compared to
competing buildings. The specific demands of the market are constantly changing in
response to economics, technology and fashion: what is perceived as an "efficient" floor
layout is a product of the latest management theory; the quality of building services are
improving at an ever increasing rate; architectural aesthetics come and go. Building
components are constantly changing to keep up with these demands.
One of the leading theorists on how buildings change over time is Francis Duffy;
cofounder of the British design firm DEGW and currently a visiting professor at
Massachusetts Institute of Technology. Regarding his design practice, Duffy writes:
"Our basic argument is that there isn't such a thing as a building. A building properly
conceived is several layers of longevity of built components."' 6 Duffy distinguishes four
layers, which are oriented toward interior work in commercial buildings. In How
Buildings Learn, author Stewart Brand identifies six 'shearing layers', which are
generally applicable to all types of buildings' 7 (Figure 5). The "six S's" defined by
Brand are defined as follows:
16 Francis Duffy, "Measuring Building Performance," Facilities (May 1990), p. 17
17 Stewart Brand, How Buildings Learn, Penguin Books, New York, 1994
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1.4.1 Site: The geographical setting, the urban
location and the legally defined lot,
whose boundaries and context outlast
generations of ephemeral buildings.
1.4.2 Structure: The foundation and load
bearing elements of the building. The
structure is perilous and expensive to change,
so it is rarely done-its useful life ranges from
30 to 300 years.
I - SKIN
SirE
Figure 5: Shearing Layers
1.4.3 Skin: The fagade and other exterior surfaces of the building. Exterior building
surfaces now change every 20 years or so, to keep up with fashion and technology, or for
wholesale repair. Recent focus on energy costs has lead to re-engineered facades that are
airtight and better insulated.
1.4.4 Services: The working guts of the building: communication wiring, electrical
wiring, plumbing, sprinkler system, HVAC (heating, ventilation and air-conditioning)
and moving parts like escalators and elevators. They wear out or obsolesce every 7-15
years.
1.4.5 Space Plan: The interior layout including partition walls, doors and dropped
ceilings. The space plan in a turbulent commercial space can change every 3 years of so;
exceptionally quiet homes might wait 30 years.
1.4.6 Stuff: The furniture and other goods in a building that can change frequently. This
layer changes relatively independently of the building architecture and is outside the
scope of this paper-it is mentioned here only for completeness.
19
1.5 The Map of Money in the Life of a Building
In addition to estimating the longevity of building components, Duffy provides
information on the relative costs of components and the expenses associated with their
repair and replacement. We can use this information to track the capital investment in a
building over a 50-year period (Figure 6). One can conclude from such a study that the
changes within the building over 50 years cost over twice as much as the original
building. The Structure expenditure, for example, which accounts for 35% of the
investment in the original building, is overwhelmed over the years by six generations of
Space Plans and four generations of Services. It is interesting to note that the capital cost
of the original building, which is currently the primary focus of the architect and the
structural engineer, is actually of relatively little financial significance over a 50-year
period. The ability of the structure to economically accommodate change is a more
useful indicator of a building's ultimate value and longevity, as will be demonstrated in
the following sections.
Cumulative
Capital Costs
Over 50 Years
Traditional
View of Space Plan (4 1%)
Capital Costs
Space Plan (20%)
Services (30%) Services (31%)
Skin (15%) Skin (16%)
Structure (35%) Structure (12%)
0 5 10 15 20 25 30 35 40 45 50
Time (years)
Figure 6: Life-Cycle Capital Costs
20
Chapter 2
Design for Life Cycle Performance
2.1 Introduction
Current structural design practice is primarily concerned with optimizing the
construction cost and schedule of a building project, while ensuring that the structure
meets basic safety and serviceability requirements. The maintenance costs,
alteration/replacement costs, and end-of-life costs associated with the support of the
structure after the initial construction process is given far less consideration. For a
typical building, the initial construction cost accounts for 46% of the costs incurred in
connection with the building structure over its lifetime18 . The remaining 54% of the costs
are incurred after the construction of original structure has been completed. The ultimate
value and longevity of a building is, therefore, largely dependant on the ability of the
structure to be economically maintained and easily modified during its service life as
demonstrated in Chapter 1.
The objective of this chapter is to outline a design process that considers how
buildings interact with time. The process involves two fundamental steps: (1) the
modularization of the design to accommodate how different parts of the building change
over time and (2) the design of modular components in consideration of their expected
service life. Life cycle costing methods are applied to assess all the significant costs of
ownership of a design alternative (Figure 7). The method also provides a systematic
framework for designers to calculate life cycle environmental costs including
consumption of energy, consumption of raw materials and the production of pollutants
and disposables. The process thus makes it easier to explicitly consider how a structure
will be supported and may be adapted over time, in addition to the customary tasks of
calculating construction costs and schedules.
18 Based upon the data in Figure 4 and a 10% interest rate.
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Design Fee
Energy Costs Maintenance Costs
Initial Costs Total Owner's Cost
Construction Costs
Alteration/Replacement
Costs
Disposal Costs
Figure 7: Economic Life Cycle Cost Elements
2.2 Potential Payoff
Designing for life cycle performance has the following strengths when compared with
traditional design methods:
" Improves information quality and management during the conceptual stages of
design. This is important given the opportunities for cost reduction decrease
rapidly as design and construction decisions are finalized (Figure 8)
* Increases cost awareness and visibility to allow the client to select an alternative
that best meets their needs (i.e. lowest life-cycle costs)
* Minimizes the risk of premature building obsolescence by considering how a
building may be adapted over time
* Assists in selecting alternatives that are environmentally sustainable
2.3 Process Model
Design for change includes the following main phases of the design process
(Table 4): analysis of the design requirements, translation of the requirements into
technical performance specifications, creation of alternate structural solutions, life-cycle
analysis and preliminary optimization of the alternatives, selection of the best design
from the given alternatives and the detailed design of the selected structural system.
The first part of the design is performance oriented; architect and technical
designers will determine the performance requirements for the project in close
collaboration with the client and users. During the conceptual stages of design, decisions
are made at the system level. Modular design methodologies assist in achieving a
22
rational design process because the structural system typically has different parts (here
called modules) that have different performance requirements, for example, with respect
to durability and service life.
100 - 95%
- Life Cycle Cost
70% Determination
Cumulative 60 -
Percent of -
Cost 40 _ 35% Cost Reduction
22 % Opportunities
20 -
Concept Validate FSD Production Operation & Support
3% 12% 35% 50%
TIME
Figure 8: Early Design Determines Life-Cycle Cost19
The second part of the design process is the detailed design phase. The goal of
this phase of the design is to ensure that the targets and specifications defined in the
conceptual design phase can be realized in construction and throughout the building's life
cycle. To achieve this end, teams of technical designers work closely with the contractor
and manufacturer to ensure that structural components can be economically fabricated
and constructed. In this way, the current problem of divergent design and manufacturing
processes can be avoided, without compromising the functional performance and other
requirements for the use of the building over its expected life.
The introduction of multi-disciplinary life cycle principles into the practical
design process requires not only that the working methods of the structural engineer
change, but also requires improved collaboration between the architect, structural
engineer, building services designer, and contractor. It is essential that this collaboration
take place early in the design process in order to realize effectively the benefits of the
integrated life cycle design process (Figure 8).
'9 National Materials Advisory Board and Commission on Engineering and Technical Systems, Enabling
Technologies for Unified Life-Cycle Engineering of Structural Components, a report prepared for the U.S.
Department of Defense in March, 1991
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Table 4: Life-Cycle Design Process and Methods
Design Phase Applicable Methods
Analysis of clients and user's needs Life-cycle cost calculations
Functional specifications of building Quality function deployment
Technical performance specification Quality function deployment
Creation and outlining of alternative Design for future change
structural solutions
Modular life cycle planning Modular design methodology
Life-cycle cost calculations
Multiple criteria ranking and selection Multiple attribute analysis, optimization
between alternative solutions and decision-making
Detailed design of selected solution Design for durability
Design for health and safety
User's manual
Design for reuse and recycling
2.3.1 Analysis of Clients and User's Needs: The life-cycle objectives of the facility are
defined in this phase of the design process and include use and spatial requirements,
budget, desired service life, aesthetics and ecological considerations. These objectives
are then weighted by importance and translated into demands. This architect typically
works closely with the client and future users of the facility to complete this phase of the
process.
2.3.2 Functional Specification of Building: Functional properties that meet the design
demands of the client and users are identified. Alternative functional properties are then
evaluated in comparison to the owners' and users' demands. Quality function
deployment is typically used to determine the functional specifications that best satisfy
the design demands. The architect has the main responsibility for this phase, and the
structural engineer typically provides technical support and expertise.
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3.2.3 Technical Performance Specification: Next, functional specifications are
converted into performance requirements for each alternative through collaboration
between the architect and the structural designer. These performance specifications
should, as much as possible, be quantitative and related to standardized test methods. An
example of the central performance requirements for typical structural modules are set
forth in Table 5.
Table 5: Central Performance Specifications for Structural Modules
Module Performance Specifications
Load-bearing frame Loading capacity, target service life, estimated repair intervals,
estimated maintenance costs, limits and targets for environmental
impact profiles
Fagade Target values for thermal insulation, target service life, estimated
repair intervals, estimated maintenance costs, limits and targets
for environmental impact profiles
Partition walls Target values for sound insulation, target service life, estimated
repair intervals, estimated maintenance costs, limits and targets
for environmental impact profiles, estimated intervals of the
renewal of connected building service installations
3.2.4 Creation and Outlining of Alternative Structural Solutions: The next step in
the design process is to create and outline alternative structural solutions for the building.
At this stage, an important task is minimizing the risk of building obsolescence. This can
be achieved by designing the structure to accommodate change that is likely to occur
during its lifetime, such as replacement of service systems and rearrangement of the
space plan. The Design for Future Change method discussed in the next section
describes how to maximize the flexibility of the structural system.
3.2.5 Modular Life Cycle Planning and Service Life Optimization: The goal of this
phase of the design process is the systematic optimization of the target service life, as
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well as life-cycle economy and ecological impact. The following tasks are required for
each design alternative:
" Use modular design methodology to separate each alternative into interacting
modules that meet the desired performance specifications;
" Define the target service life of each module, as well as the number of times each
module must be renewed or replaced during the estimated life of the building;
* Calculate the life cycle financial and economic costs associated with the estimated
life of the building; and
* Optimize, on a preliminary basis, the total life-cycle cost by varying the service
life of key modules within permitted values
3.2.6 Multiple Criteria Ranking and Selection Between Alternative Solutions: After
calculating life-cycle financial and environmental costs of alternative designs, the
architect and engineers transfer the resulting values into a multiple criteria ranking
system and make a selection between alternative designs. A proven, effective tool for
this process is multiple attribute analysis, optimization and decision-making (MADA), a
method described in more detail in the following section.
3.2.7 Detailed Design of Selected Alternative: The goal of the detailed design phase is
to ensure that the targets and specifications defined in the conceptual design can be
realized in construction and throughout the building's life cycle. This means that the
structure must be constructible, serviceable, and durable; that it is capable of being
maintained and repaired, and finally, that it can be demolished and the waste recycled and
disposed of efficiently. A number of methods may be used to ensure these specifications
are met. These are described in the following section. This phase requires that the
structural engineer work closely with the architect, contractor, fabricator and other
industry professionals.
3.3 Life Cycle Design Methods
The designer uses the following methods to assist in the life-cycle design process
(Table 4).
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3.3.1 Life Cycle Cost Analysis: Life cycle financial and environmental costs can be
calculated using the current value discounting method. The equations for this method as
applied to financial and ecological costs for structural components can be found below20 .
For the ecological calculations, the expenses are environmental burdens, for example,
consumption of non-renewable raw materials and energy, and the production of
pollutants and disposals into the air, soil and water. It is recommended that a virtual
discount rate be used when calculating the current value of future environmental costs,
because we assume future technology will be more cost-effective than current technology
in solving environmental problems. Once these costs have been calculated, a technique
for multiple attribute optimization and decision-making is required to determine the
preferred choice.
Etot (td) = E(0) + E [N(t) x E(t)] + Er(t)
where
Etot= present value of financial cost
td = design life
E(0)= construction cost
N(t) = 1/( l+i)d discount coefficient
i = discount rate
E(t)= maintenance cost
Er(t)= disposal cost (salvage value)
Eetot(td) = Ee(O) + Y [N(t) x (1 - kr) x Ee(t)]
where
Eetot(td) = life cycle environmental cost
Ee(O) = environmental cost of construction
Ee(t) = environmental cost of maintenance
kr = recycling efficiency at product renewal
3.3.2 Quality Function Deployment (QFD): This method derives from linear
programming methods widely used in the 1960's in the field of industrial product
development. The Japanese originally developed QFD to assist in the design of large-
scale industrial facilities. Mitsubishi Heavy Industries first used this method in designing
the Kobe Shipyard in 1972. Since that time it was been used on a number of large-scale
projects in Japan, Europe and the United States.
20 Stephen Kirk and Alphonse Dell'lsola, Life Cycle Costing for Design Professionals, McGraw-Hill, New
York, 1995
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QFD is used to translate design requirements into functional or technical
performance specifications. The method involves building a matrix to evaluate the
correlation between the design requirements (the 'whats') and the design specifications
(the 'hows'). In industrial engineering, manufacturing companies have used similar
methods such as Axiomatic Design2' to consider multiple design requirements over the
life cycle of a product.
3.3.3 Multiple-attribute analysis, optimization and decision-making (MADA):
MADA is a tool designed to assist the architect and engineer to evaluate a structure with
various attributes. MADA is used primarily during the conceptual design stages to rank
the performance of competing alternatives. The method consists of four fundamental
steps:
* Definition ofstructural alternatives: Definition of each alternative sufficiently for
purposes of comparison;
" Definition of hierarchical levels: Typically the module (i.e. load-bearing frame,
fagade) is the highest level followed by component (i.e. beam, column) and then
detail (i.e. demountable, monolithic);
" Definition of attributes: Typical attributes for the life cycle design of structures
are listed in Table 6. Attributes are then weighted to assign relative levels of
importance;
" Ranking of alternatives: Rank primarily with regard to total performance, but
also with regard to the incremental value of key attributes
Alternatives may have different optimum points. In such situations, it may be necessary
to make a valuation between attributes with different measurement systems. For example,
costs are measured in currency, whereas air pollution is measured in tons of CO 2 and
NO,. Conversion to a common system of measurement can be a complicated task but has
been successfully accomplished in the automobile and energy industries.
" Nam Suh, Axiomatic Design: Advances and Applications, Oxford, Boston, 1998
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Table 6: General Attributes
Attribute
Life cycle monetary costs
Life cycle functionality
Life cycle environmental
costs
Health and comfort
3.3.4 Design for Future Change: As discussed earlier, the future value of a building is
largely dependent on its ability to economically accommodate change over time.
Obsolescence can result in an irreversible and major reduction in the market value of a
building. The following design consideration greatly reduce the risk of obsolescence:
" Sufficient story height to allow for building service upgrades
* Vertical load bearing elements which do not prevent changes in use
" Space for staircases and vertical connections for building services
" Flexibility for changes in structural performance requirements
" Partitions which can be easily reconfigured
0 Ease of maintenance, renovation and replacement of structural components
and Sub-Attributes of Structures
Sub-attributes
- Construction cost
- Maintenance cost
- Disposal Cost (Salvage Value)
- Functionality for the first user
- Flexibility for changes in building services
- Flexibility for spaces
- Flexibility for changes in structural performance
- Reliability in operation
- Ease, frequency and staff requirements of maintenance
- Consumption of energy
- Consumption of raw materials
- Production of pollutants and disposals into air, soil and
water
- Internal air quality
- Working conditions during construction
- Acoustic and visual privacy and convenience
- Visual quality and aesthetics
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* Attention to building code requirements so as to anticipate alternative uses and
maximize flexibility
3.3.5 Modular Design Methodology: The method involves separating a building
structure into modules with common characteristics (function, design service life,
susceptibility to change, compatibility, etc.). Table 7 lists several typical structural
modules and their characteristics. The overall methodology aims to create an organized
whole from interacting, changing parts through rules which govern the relationships
among them.
Table 7: Typical Structural Modules and Their Common Characteristics
Module Sample Characteristics
Load-bearing frame
Fagade
Partition walls
- Long service life
- Flexibility with respect to services and partitions
- Compatibility with floors and facade
- Long service life
- Thermal performance
- Ease of maintenance
- Short service life
- Compatibility with services and load-bearing frame
- Easily moveable and reusable
3.3.6 Durability Design: The objective of durability design is to ensure the specified
target service life can be achieved in the actual working environment of the structure.
Designing for durability involves the following basic steps:
" Specification of the target service life
" Analysis of the environmental effects (identification of degradation mechanisms)
" Selection of the durability calculation model
" Optimization of the design for the target service life
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3.3.7 Design for Health and Safety: This design method is traditional and many
manuals, guides and standards exist, therefore, it will not be discussed further in this
context.
3.3.8 User's Manual and Maintenance Plan: A building, like a car or other equipment,
needs a user manual. The structural engineer should produce a manual for each building
designed, in collaboration with design, construction and fabrication professionals. The
manual should include specifications for operation, control and maintenance of the
building.
3.3.9 Design For Reuse and Recycling: The recycling potential of building materials
needs to be reconsidered in connection with building design. Typically, components with
a short service life or a high likelihood of change should have a high potential for reuse
or recycling. Designers can influence the potential for the reusability of materials
through their choice of the structural system, component types and connections and
through the selection of materials. The following general design consideration influence
the recycling potential of materials:
" The design of autonomous modules to allow for the constructive separation of
structural components and building systems with different service lives
" Reduction in the variety of materials
* Ability to separate materials which cannot be recycled together
" Avoidance of insoluble composite substances, or composites that are soluble only
at high cost or with significant energy consumption.
The general design principals described can be applied to typical structural modules to
create performance specifications as shown in Table 8 below.
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Table 8: Performance Requirements for the Reuse of Structural Modules
Module Performance Requirements
Fagade - Separation of load-bearing and non-load bearing components
- Demountable connections between facade and interior work
- Demountable connections between prefabricated components
Partitions - Ability to separate functional layers (finish, insulation, fire protection, etc.)
- Demountable connections between partitions and building structure
- Minimal use of insoluble composite constructions
Services - Demountable connections between services and building structure
- Separation of services modules by function
- Accessibility and changeability of components
- Minimal use of insoluble composite constructions
Figure 9: Ise Shrine Building Figure 10: Shrine detail
3.4. Case Study: The Shinto Shrine at Ise
The architecture of Shinto shrine at Ise, Japan was first introduced in Chapter 1.
If you recall, one of the unique things about the shrine architecture is that it has a
predetermined lifespan: the shrine buildings are dismantled every twenty years and then
reconstructed in exactly the same manner using new materials. Due to the relatively
short lifespan of the shrine buildings, their architecture is recognized as temporary.
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Consequently, the design and construction of the shrine buildings address end-of-life
concerns from the outset. These buildings are capable of being dismantled and recycled
much more efficiently than conventional construction.
The design of the Shinto shrine at Ise incorporates the principals of modular
design discussed in the previous section. A typical shrine building is shown in Figure 9.
Upon examination, one can see that the building structure is composed of three primary
modules: the load bearing frame, the exterior walls and the roofing. All three modules
are replaced with new materials every 20 years. Each modular component then meets
with a different fate: the roofing is composted; the exterior walls are used in residential
housing for members of the religious community; the load bearing frame is dismantled
and the individual structural components are reused in other Shinto shrines across the
country. The structural detailing of the shrine allows the components to be easily
dismantled and separated into modules. Notice that the typical structural joint shown in
Figure 10 does not require nails or metal fasteners that may adversely affect the ability of
these components to be separated and reused. The design requirements of the shrine
modules translate into performance requirements as shown in Table 9 below.
Table 9: Performance Requirements for Shinto Shrine Modules
Module Performance Requirements
Load bearing frame - Design service life: 60 years
- Demountable structural elements
- Sufficient loading capacity
Exterior walls - Design service life: 40 years
- Efficient separation from load-bearing frame
- Durable and maintainable enclosure
Roofing - Design service life: 40 years
- Efficient separation from load-bearing frame
- Durable and maintainable enclosure
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Once the modules of the structure have been identified and the basic performance
defined, it becomes appropriate to determine the material composition of these elements.
The material selection process involves calculating the estimated financial22 and
environmental2 costs of various alternatives over the design life of the building. In this
analysis the life-cycle performance of the materials used in the construction of the Shinto
shrine are compared with other common building materials over a variable lifetime. Life
cycle comparisons are performed for each of the three modules that compose the
structure of the shrine (Figures 11-13) and are calculated using the present value method
discussed in the previous section, assuming an interest rate of ten percent.
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Figure 11: Load Bearing Frame Material Life Cycle Cost
22 based upon RS Means Building Construction Cost Data, 2002, adjusted for Japan
23 Based upon use of Building for Environmental and Economic Sustainability Software (BEES) found at
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Exterior Wall Material Financial Cost
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Figure 12: Exterior Wall Material Life Cycle Cost
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The results of the analysis indicate that the relative performance of each material
depends heavily on the design life of the building. For example, Figure 12 indicates that
wood is the most economical material for the load-bearing frame for a structure with a
design life of twenty years. However, if the estimated lifespan of the building is fifty or
one hundred years, steel is the least expensive option; wood is approximately twenty-five
percent more expensive. The charts also show that the economic and ecological
performance of materials is often at opposite ends of the spectrum. For example, cedar
siding is by far the most ecologically efficient material for the exterior walls for a
building with a lifetime of twenty years, but it is also the more expensive option.
Designers must thus consider these competing factors in relation to the specific goals of
the client when selecting materials for construction.
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Chapter 3
Built for Change
3.1 Introduction
Chapter 3 outlined a process by which buildings might be designed for improved
life cycle performance. The process involves two fundamental steps: (1) the
modularization of the design to accommodate how different parts of the building change
over time, and (2) the design of modular components in consideration of their expected
service life. Typically modules and components with a short service life or a high
likelihood of change should have the potential to be reused or recycled. Modules and
with a long service life must allow for dependent building components to be easily
changed as well as being durable and maintainable. The successful implementation of
this process requires collaboration between designers, fabricators and contractors at an
early stage in the design process and, in addition, further research into the life-cycle
performance of building materials.
3.1.1. Collaborative Design: In order for modular components to be compatible, they
must meet stringent tolerance requirements. Often this requires that specific components
be pre-fabricated under carefully controlled conditions. Collaboration between the
architect, engineer and fabricator is required throughout the design process to ensure
these components meet aesthetic, structural and manufacturing requirements.
3.1.2. Materials Research: One of the difficulties with life cycle cost analysis is that
there is insufficient information regarding the maintenance and end-of-life costs
associated with building materials. Therefore, further research is required into the
durability and reusability of building materials and components.
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3.2. Case Studies in Japan
In the summer of 2003, I will travel to Japan to conduct a series of case studies
related to the design of structures for life cycle performance. My objective is to study
how the challenges discussed in the previous section regarding modular construction,
collaboration between design and construction professionals, and materials research have
been successfully confronted in professional practice. The unique architectural history
and culture of Japan make it an appropriate destination for such a study.
Figure 14: Katsura Palace Figure 15: Oita Stadium
3.2.1. Modular Construction: The architectural tradition of Japan is centered upon the
impermanence of buildings and their evolution over time. Traditional Japanese architecture is
based upon modular construction techniques designed to accommodate change over time. The
Shinto shrine, which served as a case study in the previous chapter, is but one example.
Another example is the Katsura Palace located in the Fukui Prefecture, which is constructed of
a modular post and beam system that that has allowed it to accommodate the evolving needs of
several generations through the addition of a series of pavilions placed on the diagonal (Figure
14). The Palace was originally built in the seventeenth century and is still in use today. The
uniform structural module used in the palace can be efficiently and economically constructed
using consistent member sizes, and it is structurally redundant, which improves the reliability
of the system under severe loading.
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The principal of modular design can also be found in a number of modem structures in
Japan. The interior space of the Oita Stadium, for example, has a modular structure that can be
partitioned by a method similar to the Katsura Palace to accommodate various venues,
including concerts and athletic events (Figure 15). The stadium is also an example of the
collaboration that occurs during the design and construction of a complex structure in Japan.
The retractable roof, designed by architect Kisho Kurokawa, consists of a Teflon membrane
that slides over an arched frame structure. Since each rib of the structure has a different
curvature, each cable responsible for moving the membrane develops a different tension. To
address this specific issue, the contractor Takenaka Corporation researched, developed and
implemented a computerized actuator system that calculates and controls the loads.
The Nagakin Capsule Tower designed by Kisho Kurokawa is another example. The
tower consists of two concrete cores with 140 detachable capsule apartments (Figure 16). The
capsule apartments are prefabricated steel boxes complete with appliances and furniture that
are attached onto the core with only four high-tension bolts.
3.2.2. Collaborative Design: The style of collaboration between design and construction
professionals that has evolved in Japan differs from typical Western practice. A significant
portion of the buildings and bridges now being built in Japan are design-build projects
constructed by large contractors. Outside design consultants are seldom required on these
projects since the most successful Japanese contractors each possess substantial architecture,
engineering and research departments in house. In contrast to the bidding process popular in
the West, the design-build process allows collaboration between design and construction
professionals to take place at an early stage of the project since all of the parties involved are
within a single organization and are often known to each other from the onset of the project.
Even outside of the design-build environment, Japanese engineers and contractors are often
involved in the conceptual design of a project to ensure that the physical structure can achieve
the desired aesthetic within the project constraints.
The Japanese focus on collaboration and research is apparent in the construction of the
Tatara bridge connecting Honshu and Shikoku, two of Japan's four main islands (Figure 17).
The world's largest wind tunnel was built and a 1:200 model was constructed in order to
determine accurately wind loading at various stages in the construction process. In addition, a
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new cable with an indented surface was developed in order to reduce turbulence that results
from wind blowing on rainwater running on the surface of the 460 m long cable.
Figure 16: Nagakin Capsule Tower Figure 17: Tatara Bridge
3.2.3 Materials Research: The work of Japan architect Shigeru Ban focuses on material
and structural innovation. Ban has won numerous awards for his use of recycled paper
tubes in building projects. Ban's Paper Log houses, for example, are temporary houses
made out of recycled paper and tenting material (Figure 18). The design is low cost,
easily dismantled and utilizes 90% recycled materials. Ban has also used paper tubes as
structural members for a number of permanent structures, such as the Paper Church
located in Kobe, Japan (Figure 19).
Given the relatively short service life of many components within a building,
Ban's exploration into the recycling potential of building materials is an innovative
approach to improving the life cycle performance of building structures. I plan to speak
to Shigeru Ban and structural engineer Gengo Matsui about the process of getting paper
tubes approved for structural use as well as discussing other design and construction
issues associated with the material such as fire protection and waterproofing.
Figure 18: Paper Loghouses Figure 19: Paper Church
4.3 Travel Itinerary
I have classified the structures I plan to visit into five categories, which are
elaborated on in Table 10 below. This list represents an initial selection of structures to
study. I plan to revise this list in the coming weeks in consultation with my advisors and
SOM.
Table 10: List of Structures and Designers
Structure Comments
Renewable Materials: Examples of innovative timber construction and the use of new structural
materials such as paper tubes. I plan to research how the Shinto shrines are designed and detailed
to allow structural members to be reused in their original form in different buildings. In addition, I
will speak to architect Shigeru Ban and his engineer Gengo Matsui about the process of getting
paper tubes approved for structural use as well as discussing other design and construction issues
associated with the material such as fire protection and waterproofing.
1. Ise Shrine Wood and thatch structures that are rebuilt every 20
Mie Prefecture, 9 th century years using new materials.
2. Paper Arch A storage shed constructed of paper tubes and
Gifu Prefecture, 1998 (Ban) plywood spanning 27 m with a width of 23 m.
3. Paper Church Community center constructed of donated paper tubes
Kobe, 1995 (Ban) with a polycarbonate membrane.
4. Paper Loghouses Temporary houses made of recycled paper and
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Kobe, 1995 (Ban) tenting material. The design is low cost, easily
dismantled and utilizes 90% recycled materials.
5. Nemunoki Art Museum Lattice roof structure made of recycled paper
Shizuoka, 1999 (Ban) honeycomb board.
Adaptive Structures: The focus of this area is modular construction and the incorporation of
structural systems of different lifetimes into a design. I plan to speak to architect Kisho Kurokawa
about expressing the individuality of modular units while maintaining the unity of a design as well
as determining his view on prefabrication and the future of modular construction.
6. Katsura Detached Palace The asymmetric form and modular structure is
Kyoto, 17 th century characteristic of Japanese architecture.
7. Nakagin Capsule Tower Apartment building with 140 removable steel frame
Tokyo, 1974 (Kurokawa) studio apartments suspended from two concrete
cores.
8. Nitto Food Company Cannery Modular structure constructed of prefabricated pipe
Sagae, 1964 (Kurokawa) frame segments. Structural joints express the
potential for growth.
9. Sony Tower A showroom for Sony products with removable
Osaka, 1975 (Kurokawa) structural components.
10. Osaka World Trade Center A 58 story office building characterized by column
Osaka, 1995 (Nikken Sekkei) free spaces made possible by horizontal pair-frames
recalling traditional Japanese architecture supported
by diagonal trusses at the lowest level.
Bridges: An investigation into the source of innovation in long-span bridge design focusing upon
the style of collaboration between design and construction professionals. I am also interested in
the application of innovative technologies such as tuned mass dampers, viscous dampers and
monitoring equipment capable of determining when individual components have fatigued and need
to be replaced.
11. Akashi Straits Bridge The longest suspension bridge in the world with a
Akashi-Kaikyo, 1998 (HSBA) main span of 1,991 m.
12. Tatara Bridge The longest cable-stayed bridge in the world with a
Ikuchi, 1999 (Kawaguchi, HSBA) main span of 890 m.
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13. Ikuchi Bridge The third longest cable-stayed bridge in the world and
Ikuchi, 1991 (HSBA) the first to use a hybrid construction with concrete
side spans and a steel main span.
14. Yongjong Bridge The world's largest self-anchored suspension bridge
Seoul, 2000 (Samsung) with a main span of 300 m.
15. Konohana Bridge The world's only large-scale mono-cable suspension
Osaka, 1990 (Tanaka) bridge with 300 m main span.
16. Higashi Kobe Bridge Cable-stayed bridge spanning 485 m. Deck truss is
Kobe, 1993 (Kitazawa) unsupported for 97 m at mid-span.
17. Tsurumi Tsubasa Bridge Cable-stayed bridge spanning 510 m. Use of viscous
Tokyo, 1994 (MEPC) dampers to reduce cable vibration.
18. Rainbow Bridge Suspension bridge with a 570-meter main span is a
Tokyo, 1993 (MEPC) monument across Tokyo harbor.
Stadiums: An investigation into the source of innovation in long-span bridge design focusing
upon the style of collaboration between design and construction professionals. I am also interested
in the use of kinetic components that all these stadiums have to adapt to various venues and
weather conditions.
19. Sapporo Dome Open air and indoor arenas that face each other
Hitsujigaoka, 1999 (Hara) seating 42,122. Floating grass field mat be moved
indoors to accommodate events in inclement weather.
20. International Stadium The largest stadium in Japan with a seating capacity
Yokohama, 1997 (Tohata) of 70,000.
21. The Big Eye Stadium A retractable roof stadium seating 43,000. Interior
Oita, 2001 (Kurokawa) space can be partitioned for different venues.
Rainwater collection system supplies the majority of
the gray water to the stadium.
22. Kobe Wing Stadium Stadium was designed to hold 42,000 for the 2002
Kobe, 2001 (Obayashi) World Cup and then to be renovated to seat 34,000
with a retractable roof.
23. Osaka Dome Moveable seating and large wall curtains allow this
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Osaka, 1997 (Nikken Sekkei) arena to be radically rearranged to accommodate
different venues. Steel lamella roof supported by
tension and compression ring.
24. Park Dome Double-skinned Teflon roof supported by internal air
Kumamoto, 1997 (Fujita) pressure and reinforced with steel cables. The
completed 2,500-ton roof was lifted into place.
25. Seoul World Cup Stadium The largest stadium in Korea with a seating capacity
Seoul, 2001 (BSG) of 64,677.
26. Daegu World Cup Stadium This stadium possesses a translucent Teflon coated
Daegu, 2001 (Atkins) roof that covers 74% of the fans.
Other Sites ofInterest: The focus of this area is to better understand the relationship of fabricators
with designers and contractors. In addition, I hope to learn of current academic and industry
research in relation to structural design.
27. Hitachi-Zosen Factory Assembly line production of steel box girders, truss
Osaka sections and other bridge components. Dr. Hiroshi
Tanaka will explain the company's role in the
manufacturing process.
28. Public Works Research Institute Contains the world's largest wind tunnel. Mr.
Tsukuba Science City Katsuya Ogihara will provide a guided tour.
29. Tokyo University Tour of Bridge and Structures Laboratory guided by
Tokyo Professor Yozo Fujino.
30. Kobe Steel Research Institute Dr. Tomokazu Nakagawa will explain the current
Kobe products, services and research of Kobe Steel.
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